Having the ability to take an accurate 3D image of a tumor greatly helps doctors diagnose it and then create a treatment plan for a patient. One way to accomplish molecular imaging is to inject a radioactive tracer into a patient and then measure the gamma rays emitted from regions with high-uptake of the tracer, viz., the cancerous tissues. In large, expensive PET-or SPECT-imaging systems, the 3D imaging easily is accomplished by rotating the gamma-ray detectors and then employing software to reconstruct the 3D images from the multiple 2D projections at different angles of view. However, this method is impractical in a very compact imaging system due to anatomical considerations, e.g., the transrectal gamma camera under development at Brookhaven National Laboratory (BNL) for detection of intra-prostatic tumors. The camera uses pixilated cadmium zinc telluride (CdZnTe or CZT) detectors with matched parallel-hole collimator. Our research investigated the possibility of using a collimator with slanted holes to create 3D pictures of a radioactive source. The underlying concept is to take 2D projection images at different angles of view by adjusting the slant angle of the collimator, then using the 2D projection images to reconstruct the 3D image. To do this, we first simulated the response of a pixilated CZT detector to radiation sources placed in the field of view of the camera. Then, we formulated an algorithm to use the simulation results as prior knowledge and estimate the distribution of a shaped source from its 2D projection images. From the results of the simulation, we measured the spatial resolution of the camera as ~7-mm at a depth of 13.85-mm when using a detector with 2.46-mm pixel pitch and a collimator with 60° slant angle.
INTRODUCTION
Prostate cancer is a very common disease in men. According to American Cancer Society, 1 in 6 men will develop the disease in his life, and 1 in 36 will die from it [1] . Although current nuclear-medical imaging techniques, such as magnetic resonance imaging (MRI), computed tomography (CT), single photon emission computed tomography (SPECT), and positron emission tomography (PET) are effective tools in diagnosing cancers, none are specific for prostate cancer because of their low specificity and sensitivity and poor spatial resolution [2] [3]; this is especially problematic when the tumors are small, at their early stages, and are confined within the prostate gland. Currently, ultrasound-guided biopsy remains the gold standard in confirming the disease. However, ultrasound cannot pinpoint the location of the tumors. It only assists physicians in defining the boundaries of the glands; eventually, samples from the glands have to be taken randomly or evenly. Hence, small tumors very easily can be missed in this procedure. New imaging techniques are in high demand by patients and physicians. Ideally, such techniques should have high sensitivity and high spatial resolution in imaging prostate cancer, and in pinpointing tumors confined with the gland, both of which assist physicians during the biopsy and treatment of the disease via localized therapy. One promising way lies in devising a compact trans-rectal gamma camera that can acquire images of the prostate gland through the rectal wall. Such a short working distance can increase the sensitivity and spatial resolution greatly.
CZT radiation detectors, with their excellent material properties and performance, are attractive for applications in medical imaging. The detectors' modules, when fabricated in advanced pixilation-and hybridization-processes, can be very compact, and already are finding applications in endo-cavity measurements. However, in such usages there usually is very limited space for operation; the traditional detector and collimator design and arrangement are not suitable, 
especially for 3D imaging. To resolve this problem, we undertook a feasibility study of a slanted-hole collimator that can be employed with planar pixilated detectors to generate 3D images. We modeled this collimator with the gamma camera using a Monte-Carlo simulation, and investigated the detectors' responses to various radioactive sources in their field of view. Then, we modified a Maximum Likelihood Estimation Method (ML-EM) and used the code to reconstruct 3D images of shaped radioactive sources.
METHODS

Monte-Carlo Simulation
We used the Geant4 package [4] to simulate a slant-hole collimator and detector. We created a 6 x 16 array of 5-mm thick CZT detectors with a pixel pitch of 2.46 mm. Their thickness was chosen specifically to ensure sufficient detection efficiency for 140.5-keV gamma rays. The simulated collimator was a 6.4-mm thick tungsten plate with 1-mm diameter holes at a 60° slanted-angle in line with the CZT detectors. To gather the data for the reconstruction, we simulated a 0.5-mm diameter Tc-99m (140.5-keV gamma-rays) sphere source in each voxel in the detectors' field of view. The individual voxel size is 1.23-mm (half a pixel) in the x-, 1.23-mm in the y-, and ~1.07-mm in the z-direction. The simulation was run on a Linux cluster computer with 256 nodes. 
Image Reconstruction
The ML-EM algorithm developed for this collimator required at least two 2D projection images (sinogram) of the source to create 3D image. It uses an iterative method to find the most likely distribution of the radioactive source(s) and estimate its activity that would form the given sinogram. Both images were created using simulation data in one of the voxels used in the reconstruction algorithm. Fig. 2 illustrates an example of the point source (0, -1, 3) being imaged. The first image was taken with the collimator in Position A (Fig. 3a) . To obtain an image in Position B, we found the Position-B point in the Position-A space, then rotated the image 180° about the axis of the field-of-view (Fig. 3b) . In this way we cut by 50 percent the computer time needed for the Monte-Carlo simulation. The simulation results were converted to a 2D matrix that is the raw data the ML-EM algorithm uses to reconstruct a 3D image of the source(s). To reduce the noisy background caused by Compton scattered events and the electronics' noise, we set an energy window at 125-to 155-keV, covering the photon peak of 140.5-keV gamma-rays. Fig. 4 shows an example of an image reconstructed using the ML-EM algorithm with the sinograms from Fig. 3 . 
PERFORMANCE
Spatial Resolution
In the study for proof of concept, we ran two experiments to test the performance of the ML-EM algorithm and the slanthole collimator. The first was to find the y-axis resolution of the detector. For this, we simulated two separated point sources with the same radioactivity along a line on an arbitrary y-axis located at 13.85 mm above the detector. From the simulated results shown in Fig. 5 , only when the sources were displaced by 3 pixels could they be clearly resolved. Therefore, we estimated that the y-axis resolution was 3 detector pixels (7.38 mm) at 13.85 mm above the detector. Appropriately addressing the z-axis resolution requires further study. The z-axis resolution depends on both the slant angle of the collimator and the relative position of the two separated sources on the y-axis.
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Phantom Test
For the second test, we simulated a phantom of 5 point sources of the same radioactivity. This test demonstrates the ability of the ML-EM and collimator to clearly reconstruct multiple radioactive hotspots sited near each other. All points were in line with a hole in the collimator and thus with a pixel of the detector. Fig. 6 shows the source orientation. All were on the same x-plane. The 5 sources from the phantom were resolved clearly, but with some issues. The features of the phantom (distance between, position, and size of points) were well resolved (Fig. 7) . The y-axis resolution of 3 pixels still is accurate with multiple sources. The only problem with this test is the poorly resolved point. This inconsistency could be attributed to the thresholds used in cutting the background noise from the sonograms before feeding the data into the ML-EM algorithm, and be related to the number of ML-EM iterations. For comparison, Fig. 8 shows a reconstructed image of the same phantom but with different thresholds in the sinogram matrices used in the ML-EM algorithm. Here we see that the two original artifacts in Fig. 7 disappear, and two new artifacts appear. It is promising for using this technique in medical applications that the images resolved well with different thresholds, but the presence of these artifacts suggests that we must optimize the reconstruction process. Further investigation will be done, and the results will be reported later. 
CONCLUSIONS
We successfully simulated the trans-rectal gamma camera with slant-hole collimator, and modified the ML-EM algorithm for reconstructing a 3D image using this collimator. With the software code and the findings from the simulation, we studied the performance of the existing gamma camera coupled to a 60° slanted-hole collimator. This preliminary study demonstrated that the slant-hole collimator can be used in compact gamma camera, i.e., the transrectal probe, for 3D imaging. The results will guide us to improve the design of the compact gamma camera.
The results of this work also suggest the need for further research. First, the results were based on computer simulation; the possible noise sources were not considered thoroughly. We plan to acquire real data in the laboratory using a slanted-hole collimator with the same geometries as that simulated, and use the experimental data to test again the ML-EM algorithm. We will also investigate other algorithms that are insensitive to noise for this specific application. Second, the design of the collimator and angle of slant holes should also be explored further to optimize y-and z-axis resolution, so to meet the design specification of the 3D trans-rectal gamma camera.
